Cost-Benefit Analysis (CBA) is a tool for assessing the welfare effects of changes in regulatory and investment interventions. While in many ways an effective approach, a significant drawback of CBA, however, is that it relies on estimates for variables that cannot be predicted with complete accuracy. As such, expected outcomes generated by CBA, such as financial and economic net present values (NPVs), incorporate a degree of risk and uncertainty. It is therefore critical that CBA is based on transparent assumptions about the nature of risk and uncertainty affecting key variables: CBA cannot contribute to rational decision-making unless the distribution of outcomes is clear, and the effect on forecast reliability understood.
Literature Review of Risk and Uncertainty
Cost-benefit analysis (CBA) facilitates financial and socio-economic assessments of the effects of changes in regulatory policy. The primary objective of using CBA to evaluate a given regulatory-policy change is to determine its effect on national economic welfare and its distributional impacts across affected stakeholders.
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The first step in undertaking a CBA is to develop a spreadsheet model for the ex-ante evaluation. This model must identify all relevant technical, financial, economic and environmental data, along with assumptions regarding the estimation of costs and benefits. The data and assumptions used to begin the ex-ante calculation of costs and benefits are usually single value input estimates (i.e. mode or average, values).
However, the estimated ex-ante costs and benefits presented in cash/resource-flow statements are subject to a degree of uncertainty associated with data measurement, model and forecast errors. 3 These costs and benefits might involve large changes in the welfare of particular groups of individuals and/or the environment (Lemp and Kochelman, 2009; Zwikael and Ahn, 2011) . 4 An analysis of risk and uncertainty must therefore form an integral part of any CBA, on a par with financial and economic analysis (Jenkins et al, 2011; Bock and Truck, 2011; Flyvberg, 2009 ).
Another possible source of error in the effort to capture the net welfare changes of an intervention is under-or over-prediction-a mistake decision-makers can avoid by addressing the following key questions: 1) What are the chances that the anticipated benefits and costs will be realized?
2) How does one choose between projects with different expected outcomes, as well as different levels of risk and uncertainty? 5 2 For regulatory proposals, the without/baseline situation will represent cash (resource) flow over time if the intervention is not implemented, with cash (resources) allocated according to market forces in the context of the existing, legally binding, regulatory environment.
3 In project-appraisal terminology, the cash-flow statement is used in the financial analysis, and the resourceflow statement in the economic analysis. That is, a project owner is primarily concerned with the project's impact on his/her net wealth, as reflected by the financial NPV arising from net cash flows over time. The government is primarily concerned about the probability of an overall net economic benefit or its impact on the well-being of particular social groups, with all costs and benefits reflected in resource flows. Each of these groups is affected by different degrees of risk and uncertainty. 4 Output, as calculated on the basis of deterministic input values, should also be reported. Deterministic values permit comparisons between the probabilistic analysis and past or screening-level risk assessments. Deterministic estimates may also be used to answer scenario-specific questions and to facilitate risk assessment. When comparisons are made between deterministic and probabilistic model outcomes, it is possible to explain similarities and differences in the underlying data, assumptions, and model. In a CBA base case, the direct costs and benefits to society of an intervention are estimated and assigned single-value or deterministic monetary values for each period, over the life of the intervention. These future values are then discounted to derive a net present value (NPV) for the intervention at a specified point in time. Each input variable used in the spreadsheet model is therefore expressed as a single value, assumed to have a 100% certainty of occurring.
Most interventions entail considerable risk and uncertainty. CBA is a useful means of establishing expected variability of net returns and the probability of a negative or positive outcome, as well as analyzing how this uncertainty may affect returns to key stakeholders (e.g. producers, consumers, etc.). The study should also identify the different forms of risk and uncertainty associated with the intervention, across time, types, and location of intervention (Asian Development Bank, ADB, 2002, p.72-75) . 
a. Definitions of Risk and Uncertainty
The terms risk and uncertainty refer to perceptions about the occurrence of 'alternative' future events, in which current assumptions might not hold. However, the terms are not interchangeable. Risk exists when the potential event or outcome can be reasonably identified and estimated with a certain degree of confidence (e.g. annual rainfall, wind intensity, movements in relative prices). Uncertainty exists when the potential event or outcome cannot be reasonably identified, or the probability of an event occurring is unknown (e.g. tax changes, regulatory changes, technological change). Therefore, risk is the measurable variability of a parameter whose distribution of values can be defined, while uncertainty is variability whose distribution of values cannot be defined (Hillson and Murray-Webster, 2004 ).
Both risk and uncertainty impact on the variables defining an intervention, resulting in different outcome values for the cash-or resource-flow statements of an intervention compared to estimates based on the deterministic single value estimates. From the decision-maker's standpoint, assumptions regarding future risk fall into two broad categories, according to which variability can be ascribed either to an a priori probability or to a statistical probability. In contrast, decision-maker assumptions regarding future uncertainty can be ascribed either to subjective probability, in which the data to define a statistical probability are not available, or to socialization, in which the future is inherently unknowable and may bear little or no relation to the past or the present (see Table 1 ). The decision-maker's view is that they are able to assign objective probabilities to a known range of future events on the basis of mathematically 'known chances', e.g. the probability of throwing a six with a perfect die is 1 in 6.
The decision-maker's view is that they are able to assign objective probabilities to a known range of future events on the basis of empirical/statistical data about such events in the past, e.g. the probability of being involved in a building fire.
Uncertainty Category 1: Subjective Probability

Uncertainty Category 2: Socialized
The decision-maker's view is that they face a known range of possible future events, but lack the data necessary to assign objective probabilities to each. Instead, they use expectations grounded in historical practice to estimate the subjective probability of future events-akin to scenario planning, e.g. By how much will a new set of government regulations on driver education reduce the incidence of automotive accidents?
The decision-maker's view is that they face a situation in which the nature and range of future events is unknown, not simply hard to understand because of a lack of relevant data. The future is inherently unknowable, because it is socially constructed and may bear little or no relation to the past or the present. e.g. How will driverless automobiles change the nature of the transportation system?
Source: Sanderson, 2012, p.437 
b. Techniques for Dealing with Risk and Uncertainty in the Appraisal of Public Interventions
The success of any type of risk and uncertainty analysis is dependent on the accuracy with which variables are identified, and the predictive ability of the spreadsheet model employed. However, the project analyst must strike a balance between the time and resources spent on the analysis of risk and uncertainty, and the degree of greater accuracy likely to be realized. In other words, a great deal of time and effort should not be lavished on improving the accuracy of variables that will have only a small impact on intervention outcomes. Rather, the focus should be on those variables expected to have a large impact on outcomes-that is, on the net present values to the economy and other key stakeholders. 8 Two of the most basic tools for assessing risk and uncertainty are sensitivity analysis and simulation-based risk analysis. 9 These two basic categories of tools encompass break-even analysis (switching values), decision-tree analysis, and scenario analysis.
Sensitivity Analysis
Sensitivity analysis is a useful preliminary tool with which to determine the variability of project outcomes. It is less useful, however, in assessing the effectiveness of actions to mitigate those risks.
Before attempting sensitivity analysis, the project analyst must construct a spreadsheet model of project inflows and outflows. The first step is to build a financial/economic/stakeholder cash-flow model of the intervention, using single estimates or assumptions about input values. This will produce a set of single value estimates of the key outputs of analysis.
In the context of assessing the impact of regulatory change, a set of estimated outputs could include the health and environmental effects of certain variables on the net present values of specific stakeholders, such as private sector interests, the economy, and perhaps the government budget. The next step is to carry out sensitivity analysis, by altering either the values of key input variables or the assumptions that underpin estimated costs and benefits. This process is repeated for each of the input variables expected to have some impact on outcomes. The change in projected key outputs is then recorded, according to the change in the value of the input variable.
Break-even analysis is a useful form of sensitivity analysis, in which the analyst identifies the value of a particular variable required for an intervention to achieve a specific result or target.
Monte Carlo Simulation
Simulation-based risk analysis, known as Monte Carlo analysis, is a form of sensitivity analysis in which outcomes are calculated using input values based on probabilityweighted distributions. The technique simulates a large number of draws from the given distributions of input variables in order to establish the resulting distributions of outcomes.
A Monte Carlo simulation can only provide a realistic distribution of outcomes if the assumptions and data underpinning the analysis are realistic and accurate, and if the model correctly captures intervention's costs and benefits. Simulation-based risk analysis must employ input data distributions that are carefully selected and clearly presented. The accuracy of the model's outcomes depends on the accuracy of the probability distribution of risk variables.
Scenario Analysis
Scenario analysis is another means of comparing a base case, or average expectation, with one or more other scenarios. These may include a best case (or optimistic case), in which the discounted net resource flows will be better than base-case expectations, and a worst case (or pessimistic case), in which discounted resource flows will be worse than base-case expectations. The optimistic and pessimistic scenarios are defined by extreme (lower and upper) values for each variable, selected from within a realistic range. The main advantage of the scenario-analysis model is that it allows relationships between different project variables to be explored-of particular help, for example, when evaluating alternative policy options or regulatory proposals for government intervention.
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c. International Practice of Risk Analysis
Decision-makers in most advanced economies employ ex-ante cost-benefit analysis to aid in the design and implementation of regulatory measures. However, approaches to the challenge of incorporating risk into an evaluation of costs and benefits differ. The following section offers an overview of current practice in five leaders in the application of CBA, namely, the United Kingdom, Australia, the European Union, France, and the United States.
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10 For more information, see for example Clarke and Low (1993) , Savvides (1994) , Vaughan et al. (2000) , and Bock and Truck (2011), and Clarke (2014) . 11 For more information, see for example Mietzner and Reger (2005) . 
The United Kingdom
The UK Government suggests the use of expected value (EV) or decision trees to assess project risk, and sensitivity analysis, scenario analysis, or Monte Carlo simulations to evaluate project uncertainty (UK, Green Book, 2015) .
The assessment of risk using EV entails the calculation of a probability-weighted estimate of a specified set of intervention outcomes. This is established by multiplying alternative possible outcomes (e.g. NPVs) by their probability of occurring, where the sum of the resulting products is the expected value (i.e. expected NPV). However, this method only applies where both likelihoods and outcomes can be reasonably estimated.
Alternatively, the decision-tree technique entails the calculation of total expected value from the probabilities of particular events (e.g. likelihood of changes in traffic volume), the occurrence of which depend on other events (e.g. probability of movements in oil price). Decision-tree analysis thereby enables the analyst to consider a chain of multiple options.
To understand the impacts of uncertainty on the outcomes of a regulatory intervention, the UK guidelines recommend beginning with sensitivity analysis. To that end, the outcome of the CBA analysis is re-calculated one parameter at a time, on the basis of a series of 'what if' questions. Each combination of inputs thus yields an outcome representing a project scenario. A more encompassing scenario analysis is recommended for large, complex interventions, creating detailed models of possible future states following major policies changes.
Where a number of variables are associated with significant uncertainties, the use of a Monte Carlo simulation is recommended in order to assess their collective impact. In such a case, the probability distributions of the uncertain variables are hypothetical, as are the correlation parameters describing the interaction of the uncertain input variables. The outputs of the Monte-Carlo simulation yield the expected values for the outcome variables, as well as the probability distributions of these outcomes, consistent with the set of hypothetical distributions and the correlation parameters between input variables.
Australia
The Commonwealth of Australia's project assessment framework generally recommends that both sensitivity and scenario analysis be conducted to assess the impact of risk and uncertainty on the costs and benefits of regulatory interventions. In cases where there are a large number of variables subject to a significant degree of variability, a full risk analysis (Monte Carlo simulation) is recommended, in order to capture the combined effects of risks and uncertainties associated with the intervention.
According to the assessment framework, sensitivity analysis should be carried out by reestimating outcomes of the regulatory change (e.g. NPV) for plausible values for each of the important input variables, individually and simultaneously. Scenario analysis is also recommended, on the basis of a) optimistic and b) pessimistic scenarios. Both should have a realistic and reasonable likelihood of occurrence. If the re-calculated project NPV is positive for the pessimistic case, further sensitivity analysis is not recommended. However, if the project NPV for the pessimistic case is negative, further sensitivity analysis is suggested.
Depending on the direction of correlation, variables should be allowed to move together in a two-way sensitivity analysis, in the same or opposite directions. If a number of input variables suffer from variability and are correlated, the next step is to conduct a Monte Carlo simulation. This allows the analyst to incorporate probabilistic distributions of many uncertain variables used in the CBA, and to re-evaluate the effects of simultaneously changing various assumptions, on both the expected outcomes of the intervention and their probabilistic distributions.
European Union
After many years of practicing cost-benefit analysis, in 2014 the European Union issued updated CBA guidelines that include a framework for the systematic treatment of risk and uncertainty (EU, 2014) , providing a practical approach that combines quantitative and qualitative forms of analysis.
The recommended quantitative analysis is primarily based on sensitivity and scenario analysis. Under the framework, sensitivity analysis is used to highlight sensitive variables, with an emphasis on identifying variables' switching values-the point at which the NPV of a given regulatory proposal is negative or below a minimum acceptable level. For complex interventions in which a significant number of variables are subject to risk, a Monte Carlo simulation is recommended.
The recommended qualitative analysis involves the preparation of a list of all adverse events to which the intervention may be subject, along with a risk matrix for each including cause of the event, link to sensitivity analysis, negative effects, ranked levels of probabilities of occurrence, and measures of risk mitigation.
France
The French Government recommends the use of sensitivity analysis and scenario analysis to integrate risk and uncertainty into cost benefit analysis (Gollier et al. 2011 ). However, a full risk analysis using Monte Carlo simulation is recommended where a number of key input variables are subject to risk and uncertainty.
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United States
The US Government recommends that an evaluation of the impacts of risk and uncertainty on proposed regulatory changes begin with sensitivity analysis, usually followed by a full risk analysis (Monte Carlo simulation).
Sensitivity analysis enables the analyst to identify variables critical to the assessment, management, and communication of risk. As in Australia, US guidelines suggest that if a deterministic cost-benefit model generates acceptable outcomes under pessimistic assumptions, then sensitivity analysis may be deemed to provide sufficient screening for risk. In such cases the use of additional, probabilistic methods would not be considered necessary. In most cases, however, Monte Carlo simulations would be required, providing a full risk analysis of the costs and benefits of regulatory interventions, including the effect of specific decisions or mitigating measures on outcomes both in terms of expected values and the probabilities of achieving specific outcomes.
d. Examples of High Quality Risk and Uncertainty Analysis in CBA: Applications to Regulatory Impact Analysis of Environmental Regulations
The USA Environmental Protection Agency (EPA) is a world leader in the integration of risk and uncertainty in cost-benefit analysis of the regulatory impact of environmental regulations. A series of 16 such assessments, published in 2014, offer invaluable insight into the EPA's approach, along with extensive supporting material (see footnote 13 for web links).
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Review of the Canadian Approach to Risk and Uncertainty
The Canadian Cost-Benefit Analysis Guide: Regulatory Proposals, issued by the Treasury Board Secretariat of Canada in 2010, provides limited guidance on the analysis of variability of outcomes due to risk and uncertainty in the cost-benefit analysis of regulatory interventions.
The Guide recommends the use of sensitivity analysis to identify the important assumptions upon which CBA is based-that is, those assumptions to which outcomes are most sensitive. However, sensitivity analysis does not assign probabilities to possible outcomes, nor can it establish the correlations between specific variables that may have an important effect on the evaluation of outcomes. Furthermore, the base scenario used in such an analysis is rarely built around mean values.
14 US Environmental Protection Agency (EPA) (2014) probabilistic risk assessment case studies can be found at: http://www.epa.gov/sites/production/files/2014-12/documents/raf-pra-white-paper-final.pdf. See also US Environmental Protection Agency (EPA) (2014) Probabilistic Risk Assessment to Inform Decision Making: Frequently Asked Questions. EPA/100/R-09/001B. Washington, D.C.: Risk Assessment Forum, Office of the Science Advisor, USEPA. http://epa.gov/raf/prawhitepaper/index.htm. 15 See also sectoral risk assessments presented in European Commission, EU (2014), including for transport (chapter 3), the environment (chapter 4), and energy (chapter 5). For types of risks and risk assessment in project appraisal for sectors including agriculture, education, health, electricity transmission, and renewable energy, see chapter 5 and Appendix 3 of guidelines prepared by the Asian Development Bank (2002).
A more accurate estimate of the value of expected outcomes is provided by Monte Carlo analysis, which is based on the full distribution of possible values of highly variable parameters, and is therefore recommended as a natural extension of sensitivity analysis. A Monte Carlo simulation is also helpful in interpreting the ranges of key outcomes resulting from a regulatory intervention, as results of the analysis are expressed in terms of the expected outcome and the probabilities of key outcomes occurring.
Recommendations on Best Practices to Use at Environment Canada when Developing CBA a. Summary of Recommendations to Address Risk and Uncertainty in CBA
The recommended framework for the development of a cost-benefit analysis of an environmental regulatory intervention can be broken down into 8 steps, as summarized in Table 2 .
A prerequisite for the quantitative assessment of risk and uncertainty is a complete and consistent spreadsheet model, detailing the relationships between anticipated incremental flows of costs and benefits over time. That is, the evaluation of the risk and uncertainty of key variables depends on their accurate identification, and on the technical accuracy of their incorporation into the basic analytical model. More specifically, the model must accurately define:
1) the financial relationships between variables; and 2) the costs and benefits of economic resources, measured according to a consistent application of the principles of applied welfare economics.
The method by which variables are assessed depends on the availability of data, time, and budgetary resources, as well as the qualitative and quantitative statements required of said variables. The framework presented here focuses on the development of a spreadsheet model using sensitivity analysis, scenario analysis, and Monte Carlo simulation, and the interpretation of the resulting output distributions in decision-making. A key benefit of the suggested approach is that it provides inputs critical to the design of a regulatory program by facilitating the evaluation of possible actions to mitigate the cost of risk and uncertainty. Assess Risk and Uncertainty 1.1 Identify risk and uncertainty inherent in the options analyzed. Undertake a sensitivity analysis to establish which variables have a significant effect on outcomes (e.g. financial NPV, economic NPV, on consumers, on specific stakeholders).
1.2 For variables subject to risk, quantify range and distribution, including possible end-points. If appropriate, assign correlation coefficients between variables. The distributions and correlations can be based on either historical experiences or expert opinion.
1.3 For variables subject to uncertainty, determine a central point (expected value) and, if possible, maximum and minimum values.
1.4 Risk (and uncertainty) analysis: quantify the impacts of risky variables on the feasibility and ranking of alternative regulatory measures (use of Monte Carlo simulations).
1.5 Consider mitigating measures that would reduce the potential costs of risk by providing for alternative ways of achieving desired goals in the design of the regulatory intervention. Greater flexibility in the face of uncertainty may produce a more satisfactory result (e.g. How does a result change if amendment changes"?). Results of Analysis 1.6 Analyze and provide feedback on overall results, including NPVs, distributional impacts, risk and uncertainty analysis, and options for risk mitigation.
1.7 Highlight impacts that cannot be assigned a monetary value, and any important concerns.
Present findings and final recommendations.
Source: Authors' own elaboration.
b. Application of Risk and Uncertainty Assessment to Proposed Renewable Fuel Regulation Preliminary Assessment of Potential Regulatory Proposal Introduction
The Government of Canada (GoC) has demonstrated its commitment to reducing greenhouse gas emissions through the increased production and use of renewable energy sources (RES), such as ethanol and biodiesel. (See Table 3 The GoC's Renewable Fuels Strategy Regulation aimed to achieve four policy objectives:
1) reduce GHG emissions resulting from fuel use;
2) encourage greater production of renewable fuels;
3) provide new market opportunities for agricultural producers and rural communities; and 4) accelerate the commercialization of new renewable fuel technologies.
From a cost-benefit perspective, however, this intervention raises two key questions. First, these regulatory measures were the only ones considered to achieve stated policy objectives. Second, the published regulations did not specify the type of renewable fuel to be used.
Regulatory Scenario and Impact Assessment
The renewable energy sources considered here are biodiesel (produced from soybeans, tallow, and canola) and hydrotreated vegetable oil (HVO, in the form of palm oil). Kerosene is sometimes added to biodiesel blends to improve the cloud point in winter temperatures. However, if HVO is blended in heating oil, the addition of kerosene is not required.
Three alternative scenarios can therefore be developed regarding the use of kerosene to meet the requirements of the amendment namely:
Scenario I (central scenario): "with" kerosene-used in diesel and heating oil Scenario II: "without" kerosene-not used in diesel or heating oil Scenario III: "without" kerosene-used in heating oil only Kerosene volumes are thus established as the choice variable in this study, with incremental costs and benefits measured under each scenario in terms of the difference between "with" and "without" regulation.
Incremental costs and benefits under each scenario were initially estimated on a regional basis then added together to reach an estimate of their overall economic impact. From an accounting perspective, the analysis includes the benefits and costs to Canada plus the worldwide benefits of CO2 reduction, evaluated as the global social cost of carbon. The incremental impacts of the proposed regulation were evaluated over 25 years beginning from 2011, when the amendment was expected to come into force in the West, the East, and Ontario. 16 The projected rate of growth in demand for fuel subject to blending is 1.7 percent per year over the study period. Impacts are estimated in monetary terms to the extent possible, expressed in 2007 Canadian dollars (C$) using a real discount rate of 3% for all benefits and costs.
17 A discount rate of 8 percent is used in the sensitivity analysis.
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The regions are defined as the "West," which includes British Columbia, Alberta, Saskatchewan and Manitoba; the "East," which includes Quebec, New Brunswick, Nova Scotia, Prince Edward Island, and Newfoundland and Labrador; and "Ontario." 17 Foreign exchange transactions are converted to C$ equivalent, based on the average historical exchange rate. The real exchange rate between US$/C$ is assumed to be constant over the lifetime of the proposed regulation. Hence, potential impacts of a fluctuating exchange rate are not presented in this model. Similarly,
The main costs of the regulation are variable, in the form of the production and import of renewable and non-renewable energy sources. These variable costs are calculated for the production and import of renewable energy sources needed to meet the requirements of the regulatory amendment, given projected demand for diesel and heating oil. These costs are modified and re-calculated according to scenario. The fixed incremental capital costs incurred by fuel producers for terminal upgrades and the fixed capital costs incurred by station owners for retail outlets are included in industry costs. Finally, the additional cost to consumers due to the low energy content of kerosene is included in consumer costs. Similarly, environmental costs increase as emissions rise due to the consumption of greater volumes of less efficient fuel.
The main economic benefits of the Amendment come directly from savings in diesel and heating oil displaced by renewable fuel content. The economic benefits of the proposed regulation are estimated and expressed in terms of the monetary values of incremental energy savings from the avoided costs of diesel fuel and heating oil purchases. The benefits of reduced GHG emissions are calculated on the basis of a social cost of carbon of $25/ton and included as an economic benefit. Table 4 summarizes the incremental costs and benefits of a 2% renewable fuel requirement under each scenario, and estimates the impacts of the amendment on various stakeholders, including costs to biodiesel producers, fuel producers, importers, retail outlets, and consumers.
Overall, the Amendment is expected to result in a net economic cost over 25 years under each scenario: $2.4 billion under scenario I; $1.6 billion under scenario II; and $2.2 billion under scenario III (see Table 4 , row E). Expressed in terms of cents/liter of fuel, the economic costs under each scenario are 0.26, 0.18 and 0.24 cents/liter, respectively (see Table 4 , row F).
However, the Amendment will result in a cumulative reduction in CO2 emissions over the 25-year period under scenarios I, II, and III, of 22.4 Mt, 23.6 Mt and 20.1 Mt, respectively (see Table 4 , row H). Expressed on an annual average basis, these reductions are equivalent to around 0.90, 0.94, and 0.84 Mt CO2 under scenarios I, II, and III, respectively (see Table 4 , row I).
Reductions in GHG emissions from diesel and heating oil following implementation of the Amendment are estimated over 25 years (see Table 4 , row H (a) and H (b)). The result is a cumulative reduction in CO2 emissions for the transport sector of between 17.6 Mt (scenarios I and III) and 18.6 Mt (scenario II), and of between 2.5 Mt (scenario III) and 5 Mt (scenarios I and II) for the heating of buildings. A comparison of annualized emission levels for 2010 (reported in Table 3 ) reveals an annual decrease in total emissions for the transport sector under scenarios I, II, and III equivalent to 0.41, 0.43, and 0.41 percent of 2010 levels, respectively (see Table 4 , row L). Similarly, we find that implementation of the Amendment will result in a decrease of 2010 GHG emissions for buildings under all three scenarios, with annual average falls of 0.24, 0.25 and 0.13 percent, respectively (see Table 4 , row M).
the analysis is based on real values at 2010 prices, so the impact of inflation on market exchange rates and market nominal prices are not reflected in this analysis. 
Identification and Assessment of Potential Sources of Variability Sensitivity and Risk/Uncertainty Analysis
A risk variable is one that has a significant impact on outcomes, and the value of which varies. The following section identifies key risk variables in the context of the Government of Canada's proposed Regulations Amending the Renewable Fuels Regulations ("the Amendment"). Figures 1 and 2 , presenting components of the economic costs and benefits resulting from the Amendment, are based on deterministic results.
Under the central scenario (scenario I), the incremental costs of producing biodiesel and of importing kerosene respectively account for 51% and 37% of total incremental costs resulting from the regulatory change. Under scenario II, the production of biodiesel accounts for 79% of incremental costs, with a further 13% from additional HVO imports. Under scenario III, incremental costs are accounted for by kerosene (46%) biodiesel (32%), and additional HVO imports (16%-see Figure 1 ). Variations in the price of kerosene and biodiesel will therefore have a significant impact on scenario outcomes, and are thus key risk variables.
Avoided expenditure on diesel and heating oil is the main benefit of the proposed Amendment, accounting for 90 to 95% of total benefits under all three scenarios (see Figure 2 ). The value of such savings will depend on the volume and price of diesel and heating oil displaced by renewable content, whereby an increase in the price/volume of diesel and heating oil not purchased will improve the overall economic benefit of the Amendment. Variations in the price of diesel and heating oil will therefore have a significant impact on scenario outcomes, and are thus key risk variables.
Because diesel oil, heating oil, and kerosene are all products of crude oil, their prices move together (Li, 2010, p.460; Borenstein et al., 1997; Natural Resources Canada, 2011, p.25) . 19 In addition, petroleum products are deregulated in Canada, further supporting this causality between crude oil and refinery product prices. 20 However, the precise impact of the crude oil price on the price of each fuel is different, because the cost of crude oil as a share of wholesale production costs varies from one to the other (Natural Resources Canada, 2006, p.7; Natural Resources Canada, 2011, p.26; Natural Resources Canada, 2014 -2015 ).
The cost of crude oil on average accounts for 47% of the retail price of diesel oil (excluding taxes), 57% of heating oil, and 54% of kerosene. Hence, the crude oil price is 19 Full reports are available at: http://publications.gc.ca/collections/collection_2015/rncan-nrcan/M12-19-2006-1-eng.pdf; http://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/energy/pdf/eneene/sources/crubru/revrev/pdf/revrev-09-eng.pdf, and http://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/energy/files/pdf/2014/14-0173EnergyMarketFacts_e.pdf 20 The real exchange rate between US$/C$ is assumed to be constant throughout the lifetime of the proposed regulation. See also Figure 1 .1 compiled by Energy Board of Canada, available at https://www.nebone.gc.ca/nrg/ntgrtd/ftr/2013/index-eng.html the key risk factor affecting the price of these petroleum products. 21 In the deterministic analysis, prices of refinery fuels are calculated to be consistent with a long-run real average crude oil price of $49.45/barrel-the long-run average real price for the period 1974 to 2015.
Biodiesel is a renewable fuel source produced from feedstock such as soybeans, canola, and tallow, the price of which is affected by that of its substitute, diesel. 22 The prices of biodiesel (cost input) and diesel (benefit input) are highly positively correlated, with a coefficient of about 0.90 (e.g. Coyle, 2013; Pokrivcak and Rajcaniova, 2011; Tareen et al., 2000) .
In order to improve the cloud point of biodiesel in winter temperatures, kerosene is added to blends. However, the lower energy content of kerosene relative to diesel or heating oil results in a significant reduction in the benefits of biodiesel compared to these fuels. Under scenarios I and III, the addition of kerosene accounts for about 50% of total costs. An increase in the price of crude oil (and so kerosene) therefore reduces the profitability of these scenarios as compared to scenario II, in which no kerosene is used. In other words, the price of kerosene is a risk variable under scenarios I and III, but not scenario II.
The environmental benefits of the Amendment are calculated on the basis of emission savings from the replacement of fossil fuel, and the social cost of carbon (SCC). The benefits of improving environmental quality (reduction in emissions multiplied by SCC) account for 5-10% of total economic benefits of the intervention under all three scenarios. It must be noted, however, that SCC is subject to a very high level of uncertainty, with estimates ranging from -$10 to 100/per ton of CO2. The distribution used in this analysis is based on expert opinion (Greenstone et al, 2011) .
Under the analysis presented here, the amount of renewable fuel required is set at 2 percent of total projected demand for diesel and heating oil, with volumes of biodiesel, kerosene, and HVO calculated as proportions of this requirement. Demand for biodiesel, kerosene, and HVO will depend on demand for diesel/heating oil. Similarly, overall benefits are subject to future energy demand, forecasts for which are subject to uncertainty.
An assessment of intervention costs and benefits reveals four potentially major sources of variability: real crude oil prices, real prices of domestic biodiesel, the social cost of carbon, and changes in demand for diesel and heating oil. The rationale underlying the selection of these four factors is summarized in Table 5 . 21 Fuel retail prices exclude federal and provincial taxes, but Canadian consumers are price-responsive to taxinclusive retail prices. 22 The distribution of feedstocks for the production of Canadian biodiesel is provided in Table 5 of Canadian Gazette, July 2011, 145:15. The energy-content ratio of biodiesel to diesel is reported as 1, however the energy content of biodiesel is in fact higher. Hence, an increase in the price of diesel will increase the competitiveness of biodiesel fuel. This will have an impact on the net economic benefits; Canadian farmers will also benefit from an increase in demand for biodiesel fuel. A market risk variable that impacts on both input costs and benefits. An increase in the price of crude oil will result in an increase in input costs of kerosene and biodiesel. Similarly, a higher than expected increase in the price of crude oil will increase prices of diesel and heating oil, boosting the energy savings that make up 90-95% of economic benefits of the Amendment, under all scenarios.
Real Price of Domestic Biodiesel Production ($/liter)
A market risk and cost variable. At 30-40% of total costs, this is the second-largest cost item under scenarios I and III, rising to 80% under scenario II.
Social Cost of Carbon ($/T)
This is an uncertain variable, with an assumed range of -$10/T to +$100/T.
Variation in Diesel/Heating Oil Demand
This is an uncertain variable. Diesel accounts for an average 89% of total demand and heating oil for the remaining 11%. Errors in demand forecasts will affect expected emissions levels when demand risk to fuel projections is incorporated in simulations.
Demand for Kerosene for use in Diesel and Heating Oil
Quantities of fuel sources used (costs) and displaced (benefits) are calculated on the basis of demand for kerosene, for use in diesel and heating oil. Because the use of kerosene is determined by regulatory policy, a probability distribution cannot be assigned to this parameter, and separate risk simulations are carried out for each scenario.
Rationale for and Assessment of Methodological Choice for Addressing Risk and Uncertainty
After defining those variables most likely to have a major impact on outcomes, sensitivity analysis is conducted to test their expected impact on the variability of outcomes. First, the impact of changes in the real price of crude oil price on net benefits and average cost per liter of fuel are tested under each scenario, at a real discount rate of 3% (see Table 6 ). These results are supplemented by a two-way sensitivity analysis between prices of crude oil over the period, and deviations from projected base-case growth in demand for diesel/heating oil (see Table 7 ). The results presented in Table 6 indicate that an increase in the price of crude oil will have the greatest impact under scenario II, followed by scenario I, and scenario III. This variation in impact across scenarios is explained by the relative differences in cost inputs used and volumes of inputs (diesel and heating oil) saved. Source: Authors' calculations.
The two-way sensitivity analysis indicates the combined impact on a specific outcome when changing two variables at a time. As shown in Table 7 , the economic benefits of the Amendment requiring a 2% renewable-fuel content are greatest when crude oil prices are high and demand for diesel and heating oil is low, under all scenarios. Net economic benefits are negative, because the costs incurred in achieving the 2% target are greater than the benefits gained from the displacement of diesel and heating oil demand. However, a higher real price of crude oil combined with lower projected demand will improve the relative strength of scenario II, due to its lesser need for crude oil inputs. 24 The price of kerosene (input cost for economic costs), and of diesel and heating oil (input benefit for economic benefits), is linked to the price of crude oil. 25 Percent-change impacts are calculated based on deviations from the base-case long-run average crude oil price of $49.45/barrel. Tables 8(a) and 8(b) present the results of two-way sensitivity analysis of net economic benefits under scenarios I and II, between crude oil prices (which determines prices of refined petroleum products) and production costs of biodiesel. In both cases, as either the price of crude oil increases or the cost of biodiesel decreases, the net economic benefits from the substitution of diesel fuel for biodiesel increase, as expected. Under scenario II, however, net economic benefits are positive only if the price of crude oil rises by at least 20% and the cost of producing biodiesel falls by 20%. Under scenario I, positive net economic benefits are realized only once the price of crude oil rises by 30% and the cost of producing biodiesel falls by 30%. This is very unlikely.
The discount rate most appropriate to the evaluation of environmental interventions has been the topic of some discussion in Canada. The Canadian Regulatory Cost Benefit Guide suggests a real rate of 8% (2007 p 35-39). However, it also advises that an intervention's sensitivity to the discount rate be tested by re-estimating results using a rate of 3%.
The analysis of the intervention presented thus far is based on a 3% discount rate. In order to assess the sensitivity of outcomes to changes in the discount rate, the net present value (NPV) of economic benefits under each scenario are re-estimated using an 8% real discount rate, producing the following results.
A higher discount rate results in greater (or less negative) estimated net economic benefits under all scenarios compared to the base case (see Table 4 , row E). Under scenario I, the NPV of economic benefits using an 8% discount rate is -$1.5 billion, compared to -$2.46 billion using a 3% discount rate. Under scenario II, the NPV is -$1.0 billion at a discount rate of 8% compared to -$1.6 billion at a rate of 3%, and under scenario III, it becomes -$1.4 billion at 8% compared to -$2.2 billion at 3%. These figures are contrary to the frequent claim that a lower discount rate improves the NPV of an environmental intervention, due to the fact that in this case, the proposed amendment generates negative net benefits.
In terms of cost per liter of fuel, an 8% real discount rate results in a lower average additional cost under all scenarios, falling from 0.26¢/liter to 0.16¢/liter under scenario I, from 0.18¢/liter to 0.11¢/liter under scenario II, and from 0.24¢/liter to 0.15¢/liter under scenario III (see Table 4 , row F). Sensitivity analysis therefore indicates that both the net present value of economic benefits, and average costs per liter of diesel and heating fuel, are sensitive to the real discount rate, and that both improve at the higher rate of 8%.
Sensitivity analysis determines the direction and magnitude of changes in outcomes associated with the adjustment of key variables. Figures 3 a, b , and c rank the relative magnitude of risk variables' impact on the NPV of economic benefits of the intervention. The longer the bar in the tornado diagram, the greater the sensitivity of outcomes to the factor concerned. The end-points of a bar indicate the impact of a factor on the outcome at low (e.g. -10%) and high (e.g. +10%) variability from the base case. Factors are arranged from the top down, according to degree of impact. Although the impact of a factor's variability is presented at +/-10%, it should be noted that prices of refinery products and biodiesel are subject to a higher level of uncertainty and variability than are levels of demand for diesel and heating oil. Sensitivity analysis indicates that net economic benefits are most sensitive to a +/-10% change in projected demand for diesel and for heating oil (particularly in the negative direction), under all three scenarios considered. Since the total impact on outcomes of this factor is significant, it is considered an important cause of variability associated with the intervention.
Under scenarios I and III, the third and fourth most important risk variables are the price of diesel and of kerosene. Under scenario II, however, the price of biodiesel is the thirdhighest ranking variable in terms of impact on net economic benefits, while the price of diesel is ranked fourth. In all cases, a +/-10% change in the social cost of carbon ($/per ton of CO2) has relatively little impact.
Monte Carlo Risk Analysis
The proposed Amendment regarding renewable fuels entails risk and uncertainty factors that have important long-term effects on expected costs and benefits associated with the intervention. However, the risk and uncertainty associated with crude oil prices and future demand for energy are always present.
A Monte Carlo simulation serves as a means of quantitative risk analysis, expressing the value of inputs subject to risk as probability distributions. 29 The values of these risk variables are selected according to sensitivity analysis, and defined according to the ranges of their possible values and the specified probability distributions (see Table 9 ).
30
The output of this analysis provides estimates of expected values and probability distributions of net economic benefits, and the cost per liter of diesel and of heating oil demanded. Pokrivcak and Rajcaniova, 2011, p.397, 398; Asche et al. 2003, p.294; Tareen et al., 2000, p.378. 33 See, Greenstone et al. 2013 , p.19, Johnson and Hope, 2012 , US EPA, 2010 .
Simulation Results and Their Interpretation 34
For the purposes of comparison, it useful to present the results of simulations plotted as both cumulative and non-cumulative probability distributions. The cumulative probability distribution of the Amendment's net impacts is useful for making decisions involving alternative scenarios or interventions. The non-cumulative distribution is better for indicating the mode of the distribution and for understanding concepts related to expected values. Because different scenarios are considered here, results are compared using overlay charts that show the risk curves of different scenarios. 35 Probability distributions for the net economic costs of alternative scenarios (see Figure 4 ) and for average costs per liter of diesel/heating oil consumed (see Figure 5 ) are also presented.
Summary statistics from simulations on the net economic costs of alternative scenarios, and on average costs per liter diesel/heating oil consumed, are presented in Tables 10 and  11 , respectively. Cost estimates from risk simulations and expected changes in emission levels are presented in Table 12 .
Interpreting Simulations of Net Economic Benefits ($M)
Using deterministic (base case) results, the net economic benefits of the intervention under scenarios I, II, and III are estimated at minus $2.4 billion, minus $1.6 billion, and minus $2.2 billion, respectively. The incorporation of risk and uncertain variables into the Monte Carlo simulations results in still lower net economic benefits under each scenariominus $2.6 billion, minus $1.9 billion, and minus $2.5 billion, respectively. The probabilistic risk assessment therefore indicates that incorporating risk and uncertainty will have a negative impact on expected outcomes under all three scenarios, with the greatest absolute impact under scenario II (approximately 20% worse), followed by scenario III (approximately 13% worse), and scenario I (approximately 10% worse).
Based on the probability distributions presented in Figure 4a , this Amendment is unlikely to yield positive net economic benefits under any of the three scenarios. The cumulative distributions presented in Figure 4b indicate that expected net economic benefits under scenario II are greater than those under scenarios I and scenario III. 36 However, even under scenario II the probability that the intervention will yield a positive NPV is almost zero. 34 After simulations have been completed, the spreadsheet model generates a risk report ("Risk Report"). 35 Individual simulation results of forecasts (net economic benefit, cost per liter of oil consumed) are presented before the "assumptions" of the "Risk Report", while overlay charts are presented as "end of assumptions" on the "Risk Report" sheet. 36 If, for example, the cumulative probability distributions of net economic benefits for mutually exclusive scenarios intersect, then risk-taking (risk-averse) selection would be the scenario allowing for a greater (lesser) economic benefit with a greater probability of a negative return. This comparison requires overlay cumulative probability distribution graphs. Source: Authors' simulations.
Interpretation of Average Cost (cents/liter) of Expected Emissions Reductions (MTCO2e) from Simulations
Based on deterministic results (see Table 4 , row G), the estimated cost of the intervention per liter of diesel/heating oil consumed under scenarios I, II, and III is 0.26¢, 0.18¢, and 0.24¢, respectively. Incorporating risk and uncertain via the Monte-Carlo simulations, the expected per-liter costs of the intervention rise to 0.19¢ and 0.25 ¢ under scenarios II and III, while remaining almost the same for scenario I at 0.26¢ (Figure ) . A probabilistic risk assessment therefore indicates that taking account risk and uncertainty increases average per-liter costs of the intervention under scenarios II (by 5.6%) and III (by 4.2%), but has effectively no impact under scenario I.
A comparison of the impact on the average cost per liter of diesel and heating oil consumed (Table 11 ) with expected reductions in emissions (Table 12) suggests that the expected rise in costs per liter consumed will lead to greater emissions reductions under scenario II as compared to scenarios I and III.
In summary, simulations indicate that the 2% renewable-fuel content required by the Amendment will be achieved at least cost under scenario II. As illustrated by Figure 5b , there is a 79% probability of achieving the 2% target at a lower cost per liter under scenario II than under the second-cheapest policy option, scenario III. That is, scenario II is characterized by lower costs per liter at a smaller risk of not achieving higher levels of emission reductions-this being the scenario in which kerosene is not used in either diesel or heating oil. Source: Authors' simulations.
Overview of how risk and uncertainty are evaluated and presented
The evaluation and presentation of risk and uncertainty entail the following steps. First, three scenarios (characterized by use or non-use of kerosene) are set out, under which the renewable-fuel content levels required under the Amendment would be met. The impact of the Amendment on these alternative scenarios is then evaluated using deterministic input values, and presented by scenario. The results indicate that the net present values of economic benefits of the intervention are negative under all three scenarios, with values ranging from minus $1.6 billion to minus $2.4 billion.
Second, the key variables that affect outcome results and are subject to risk or uncertainty are identified and described. The impacts of these key variables are then quantified, using the commonly applied technique of sensitivity analysis, and the results presented in the 37 Total emission changes from risk simulations are due to "variations in demand for diesel and heating oil" @ a target of 1.96%. Emission reductions come from displaced diesel and heating oil, net of emissions generated from fuels used to meet the 2% target for renewable content. Emissions savings are greater than in the base case under all scenarios, indicating that 10% variations in diesel and heating oil (with variations randomly selected), will generate lower emissions than the deterministic estimate.
form of tornado diagrams. The key variables found to generate variability in results are demand for diesel and heating oil, and the prices of diesel oil, kerosene, and biodiesel.
Third, the key variables are classified as those subject to risk, and those that are uncertain. Fuel prices are considered risk variables, while growth in demand for diesel and fuel oil, along with the social cost of carbon, are considered to be uncertain. Ranges and probability distributions are then developed for each of these variables.
Finally, probabilistic risk simulation is conducted to assess the impact of variability on the outcome of a policy aimed at achieving a 2% target for renewable-fuel content, as proposed by the government of Canada.
The results of the risk simulation indicate that the higher variable cost impact of the crude oil price outweighs the benefits of an increase in crude oil prices, under all scenarios. When all risk variables are simultaneously incorporated, the net negative impacts are greatest under scenario II. Nonetheless, we expect that the net economic cost of achieving a 2% renewable-fuel content will be 20-25% lower under scenario II than scenarios I and III. Indeed, when costs are distributed over the volume of diesel/heating oil consumed, the per-liter net economic cost to consumers will be considerably less under scenario II. At the same time, expected reductions in emissions are also greater under scenario II than scenarios I and III. Furthermore, scenario II entails lower risks, as well as lower costs. To conclude, consumers and the environment alike would be better off under scenario II, in which kerosene is not used.
The risk-analysis component of a CBA of the Renewable Fuels Regulation Amendment greatly increases understanding of how the interaction of key variables impacts expected outcomes. It does not, however, alter the basic conclusion established by the base case, which is that the amendment is expected to generate substantially fewer economic benefits than the economic costs it is expected to impose.
Conclusions
The systematic incorporation of the impacts of risk and uncertainty into the cost-benefit analysis of regulations has become standard practice across most industrialized countries and multilateral agencies. The step-by-step guidelines presented here are based on a review of those national and multilateral agencies' CBA frameworks, to produce a comprehensive approach to the assessment of risk and uncertainty, including scenario, sensitivity, and Monte Carlo risk analysis, developed and presented for an ex-ante analysis of regulatory proposals.
The initial steps in such an analysis are critical, as it is at this point that the important variables which generate variation in the outcomes of the intervention are identified. Sensitivity analysis and the defining of relevant scenarios further enhance understanding of the causes of variability of outcomes. In many cases, where there is irrefutable evidence that the outcome of the analysis will always be either positive or negative, it will not be necessary to go any further.
However, decision-makers will be better able to appreciate the likely range of values and the probabilities associated with different levels of outcome if the CBA incorporates variability of risk and uncertain variables, along with their correlations. Following such a full risk analysis, probabilistic estimates can be presented using non-cumulative and cumulative probability charts, alongside their descriptive statistics.
This report demonstrates an application of the approach outlined, to the proposed Amendment to blend renewable fuels into diesel and heating oil. Although any given regulatory change will have unique elements, the step-by-step approach presented here, including the spreadsheet model, can serve as a guide to assessing the impact of variability on the outcomes of any CBA. Each new application will enhance the quality and ease of analysis, improving the information available for informed decision-making.
Appendices Appendix A: Building a Monte Carlo Simulation Spreadsheet Model Steps Procedures
Step 1: Preliminary Analysis 1.1 Define risky and uncertain inputs. 1.2 Classify inputs as "market risk/uncertainty" or "non-market risk/uncertainty."
Step 2: Sensitivity Test 2.1 Check/debug if calculations and/or relationships between inputs are linked correctly. 2.2 Detect which variables have a larger impact on outcomes and evaluate degree of risk/uncertainty in these variables.
Step 3: Probability Studies 3.1 Assign probability distributions for risky and uncertain input variables.
3.2 Check correlations between risky and uncertain input variables.
3.3 Design scenarios for non-market risks (e.g. regulatory risks, such as federal renewable fuel target, kerosene use, etc.).
Step 4: Risk Simulation and Run Preferences 4.1Define "risk assumptions" 38 -apply probability distribution on selected key input values and correlations, if any. 4.2 Select output parameters/"define forecast"
39 from simulation results (e.g. net economic benefit, cost per liter of fuel demanded). 4.3 Select run preferences, such as "number of trials", "speed", etc. and run simulations.
Step 5: Presenting/ Interpreting Simulation Results 5.1 Organize probability and cumulative probability charts. 5.2 Extract "probability/cumulative probability distributions" and "descriptive statistics." 5.3 Interpret simulation results using normal and cumulative distributions, and supplement interpretations with statistical measures. 5.4 Discuss options for reducing/managing risks.
38 In our spreadsheet model, input values are presented in "Inputs & Sensitivity Test," in which all calculations are based upon these deterministic values. When defining probability distribution, any calculation in risk parameter cell must be removed. For example in the case of crude oil, probability distributions are defined in different cell range 54 and linked to cell range 52 (see Risk Data sheet and Inputs & Sensitivity Tests). The prices of kerosene, diesel/heating oil are based on changes in cell range 52, preserving causality between crude oil and refinery products during simulations. 39 In our spreadsheet model, forecast values are presented in "Summary Tables -Aggregate Level," in which all output calculations are made and presented. 
